Abstract Natural gas-fired electricity (NGFE) is expected to play a more important role in the future due to its characteristics of low pollution, high efficiency and flexibility. However, its development in China is impeded by its high regulation price compared with coal power. Market reform is therefore of vital importance to promote the penetration of NGFE. The objective of this study is to analyze the impacts of market reform and the renewable electricity (RE) subsidy policy on the promotion of NGFE and RE. A dynamic game-theoretic model is developed to analyze the interaction among the NG supplier, the power sector and the power grid. Three scenarios are proposed with different policies, including a fixed regulation price of NG and electricity, real-time pricing (RTP) of NG and electricity, and subsidy targeted at RE. The results show that: (1) market reform can sharply decrease the NG price and consequently promote the development of NGFE and RE; (2) subsidy targeted at RE not only promotes the penetration of NGFE and RE, but also increases the utilization ratio of renewables significantly; (3) market reform and the subsidy also enhance consumers' welfare by reducing their power consumption expenditure.
Introduction
In order to tackle climate change issues, the Chinese government has a target for China to achieve a peaking of CO 2 emissions around 2030 with best efforts to make the peak earlier (as early as 2020) and lower emissions intensity per unit of GDP by 60%-65% from 2005 levels (The State Council Information Office of the People's Republic of China 2015). Nevertheless, coal still contributes to the majority of electricity generation in China due to its economic advantage over natural gas (NG) and renewable energy (RE). In 2012, nearly half of the total carbon emissions were produced by coal-fired power generation in China (NEA 2013) . It is of vital importance to implement radical actions to promote a low carbon system with NG and RE to shift away from the coal-dominated energy structure (Liu et al. 2014 ).
Natural gas-fired electricity (NGFE) has attracted great attention recently. NG is identified as an important energy source for electricity generation due to its characteristics of low pollution and high combustion efficiency (Muller and Mendelsohn 2009) . Moreover, natural gas-fired power plants have a competitive edge in peak shaving ability due to their high ramp-up and ramp-down rates (Liu et al. 2015) . With the operation of gas pipelines and the construction of LNG receiving terminals, the development of NG has achieved prominent progress in recent years. The Chinese government has proposed a national energy strategy to boost the ratio of NG in total energy consumption to at least 10% by 2020 (GOSC 2014) . However, NGFE occupied merely 3% of total power generation in 2015, which indicates that China is still in its initial stage of developing NGFE. The high price of NG under regulation is considered as the major barrier for NGFE penetration. The fuel cost of natural gas-fired power is much higher than that of coal power, resulting in a financial loss in most natural gas-fired power plants (Dong et al. 2012; Zhai and Rubin 2013) . Apparently, the current pricing regime fails to provide enough incentives for NGFE penetration. Consequently, it is critical to conduct a market-oriented reform of NG pricing in China.
During the process of supply-side reform, renewable energy offers an important alternative to coal as a source of energy for electricity generation in China (Mcelroy et al. 2009; Puller and West 2013) . Thanks to the abundant resources and promotion policies such as subsidies, China's renewable energy industries, especially photovoltaic (PV) power and wind power, have experienced dramatic expansion in recent years. Specifically, China's cumulative grid feed-in installed capacity of wind power and PV power reached 172.18 GW in 2015, which has taken a leading position in the world. However, the phenomenon of low utilization ratio of renewable electricity is a serious problem. Renewable energy generation is both variable and uncertain because the energy production is determined by the underlying meteorological factors such as wind speed and insolation. Consequently, the abundant renewable energy is curtailed to keep a real-time balance between load and generation in the power system. The total curtailment electricity for intermittent renewables reached 38,600 GWh in 2015, which means the utilization ratio of renewable electricity only accounts for 0.7% of the total generated electricity. China's renewable energy policies must be modified to incentivize the actual delivered renewable electricity (RE), not the installed capacity (Lam et al. 2013) .
The development of RE depends on not only the subsidy policy, but also the backup function provided by a large scale of NGFE, because renewable energy is intermittent and the fluctuations need to be absorbed by flexible power sources like NGFE (Kok et al. 2015; Zhang et al. 2013) .When large-scale wind power and PV power are integrated into the grid, the operation of the power system can be influenced in terms of safety and stability (Hui et al. 2017) . Consequently, it requires a high level of peak regulation, which cannot be satisfied when coal-fired electricity (CFE) dominates the electricity generation. NGFE can solve this problem with its high ramp-up and rampdown rates (Levi 2013) . Apart from the renewables, another cause for the deterioration of the peak shaving pressure is the unstable power consumption. From the perspective of demand-side reform, the large peak-valley difference in electricity load indicates that the effect of time-of-use pricing is ineffective in the setting of tariffs. In comparison, real-time pricing (RTP) of the electricity is widely used in the world to reflect the true market value of electricity.
Many scholars have proved the necessity of NGFE either from the perspective of stimulating NG consumption or improving power system efficiency. Li et al. (2011) showed that the development of NGFE is an efficient way to stimulate NG consumption and increase the share of NG in China's energy mix. Hu et al. (2013) found that NGFE could be used as a resource in China with multiple benefits such as lower total costs and improved power system efficiency for coal generators. Many studies focused on forecasting the development of NGFE in China and analyzing China's promotion policies to stimulate NGFE. Xiao et al. (2016) utilized system dynamics methodology to evaluate the development pattern and constraints in NGFE development in China. They estimated that the NGFE installed capacity would reach 236 GW by 2030, with an average annual growth rate of about 10% in 2005-2030. Kahrl et al. (2013) found that NG is already cost-competitive for peaking applications in China's power system, whereas NG load following and base load generation are not currently cost-competitive. They therefore indicated that reforms in the NG pricing mechanism, a carbon price, and reforms in electricity wholesale pricing could make NG more competitive as a baseload power source. However, most of previous research estimated the NG price for generation based on the regulated pricing mechanism and few considered the development of NGFE under marketoriented NG price reforms.
The NG price reforms in China have attracted a great deal of attention recently (Hu and Dong 2015; Paltsev and Zhang 2015; Dong et al. 2017) . NG prices in China have been set on a highly regulated cost-plus approach to protect consumers. Since 2011, China has adopted the NG netback market value approach, connecting the price with international fuel oil and liquid petroleum gas prices (Paltsev and Zhang 2015) . Since April 1, 2015, direct-supply gas prices have been released, and the stock gas prices and incremental gas prices have been unified (Hu and Dong 2015) . The price unification indicates a new stage of development for NG pricing reform in China. However, there is still a long way to go before the price is ultimately determined based on the interaction of supply and demand. Moreover, the existing pricing system leads to a higher NG prices in industry and power sectors than in the residential sector (Dong et al. 2017) , which restrains the gas demand of the industry and power sectors. Fan et al. (2015) demonstrated that after the NG price reform, the fuel cost of NGFE increased by 26%-44%, and the ratio of fuel costs between NGFE and CFE in China is almost around 2-2.5. The high fuel cost severely limited the development of NGFE in China. Hence, it is of vital importance to consider the demand-side dynamics of NG and establish a complete market-oriented NG pricing system. Experiences from the USA where NG prices are determined by the interaction of supply and demand (Paltsev and Zhang 2015) , and the EU where some prices are still linked to oil (Percebois 1999) , offer an illustration of the relative efficiencies of gas pricing mechanisms and the benefits of moving to a more complete market system.
There are a few studies on incentive policies for China's RE development. The main barrier for RE development in China is its high fixed costs compared to conventional energy (Zhao et al. 2012) . Zhao et al. (2013a) showed that the Chinese government's incentive policies have played a crucial role in promoting RE generation. Zhao et al. (2013b) conducted an empirical analysis on the effectiveness of RE policies in promoting RE generation using a large panel dataset. They found that policy effectiveness varies by the type of policy and energy source. Lam et al. (2013) classified the incentive policies for RE in China into four kinds, which are government financial subsidy, technical support, feed-in-tariff policy, and tax incentives. Zhao et al. (2016) reviewed the financial subsidies provided by the Chinese government to support the development of RE. Different subsidy standards have been formulated for different sectors, such as wind power equipment manufacturers, grid-connected PV power projects, PV power demonstration buildings and user-side PV power projects. They found that the subsidies have significant positive impacts on the development of the RE sector. The existing studies are mainly focused on the effectiveness of different incentive policies for RE, few aimed to analyze the development of NGFE and RE with consideration of the effects of their interaction.
Recently, game theory has been widely adopted as a key research tool in the power market. Game theory is a formal analytical and conceptual framework with a set of mathematical tools enabling the study of complex interactions among independent rational players (Saad et al. 2012; Tian et al. 2017) . It has been applied to study the demand response of both the electricity market and end users (Nekouei et al. 2015) , the optimization of time-of-use electricity pricing strategies (Yang et al. 2013 ), solutions to accommodate high penetration of intermittent renewable energy resources and emerging smart grid technologies (Su and Huang 2014) , and the impact of the response capability of smart home consumers on distributed photovoltaic penetration ) among other applications. However, game theory has seldom been used in studying the penetration of NGFE in competition with CFE.
This study aims to analyze the impact of pricing reform and the RE-targeted subsidy policy on the promotion of NGFE and RE. A real-time pricing mechanism is applied to both the NG market and power market considering demand response from end users. A game theory model is proposed based on a multi-agent system, and different scenarios of market reform are studied using the model, specifically real-time pricing and renewable subsidies.
The main contributions of the study include (1) market deregulation for NG and electricity are jointly proposed and generation planning is investigated dynamically and flexibly; (2) a general game theory model is proposed to formulate the interaction between the NG market and electricity market under the strict requirement of market clearing; (3) managerial insights for the Chinese government to promote the share of NGFE and RE is addressed; the outcomes can also provide relevant insights and suggestions for other countries.
The remainder of this paper is organized as follows: Sect. 2 describes the methodology which formulates the interactive relationship among the three participants, the scenario designs and data input are also depicted in this section. Section 3 specifically compares and discusses the results of each scenario with a series of real-world data and sensitivity analysis is also presented in this section. Section 4 summarizes the paper and draws out the conclusions.
Methodology 2.1 Model framework
The model framework is shown in Fig. 1 . In the presented model, there are three participants, which are the NG supplier, the power sector and the power grid. In the power sector, electricity is generated from coal, NG and renewable energy. Renewable energy here includes wind and PV energy without fuel cost.
In practice, the fixed regulation gas price and electricity price are used in the electricity generation system. In order to analyze the impact of market reform, we consider realtime pricing for both NG and electricity. The real-time price is obtained through the market clearing conditions between the NG supplier and the power sector as well as the power sector and power grid, respectively. The demand for NG comes from the power sector's operation of gas power plants to generate electricity. The demand for electricity is from the power grid's purchase. Principally, the NG supplier makes decisions on the sale volume of NG to maximize its total profit, the power sector makes decision on the purchase volume of NG and sale volume of electricity to maximize its total profit, while the grid makes decision on the purchase volume of electricity to meet consumer demand and to minimize the power expenses. When the sale volume and purchase volume of NG are equal, the market clearing NG price is formed and correlated with the decision variables of trading NG volume. Similarly, the market clearing electricity price can be obtained when the sale volume of electricity matches its purchase volume. In this situation, the NG supplier prefers a relatively high price of NG, the power sector prefers a lower price of NG and relatively high price of electricity, while the end consumers prefer a relatively low price of electricity. In other words, there are conflicts among the market participants and the game is thus formed.
2.2 Modeling the game relations among the NG supplier, the power sector and the power grid
The game relations between the NG supplier and the power sector will result in a dynamic balance between supply and demand according to the real-time gas price, when the Nash equilibrium is achieved. The objective of the NG supplier is described as Eq. (1). However, the constraint is that the maximum NG supply should not exceed the production capacity of the NG supplier, as shown in Eq. (2). Min expenses (meet the demand) Fig. 1 Structure of the target system where gs t is the supply of NG at time t; GP t is the NG price used for power generation at time t; GC is the unit production cost of NG, which does not vary with time during 1 day.
As for the power sector, its net profit is expressed as the revenue from selling electricity to the power grid subtracting the generation cost from NG, coal and renewable energy. The generation cost includes both variable and fixed costs. So the objective is described as:
The generation using different kinds of fuel cannot exceed their upper bounds as shown in Eqs. (4)-(6). Additionally, generation ramp rate constraints (7)- (10) where ers t , egs t and ecs t represent the supply of electricity generated by renewable energy, NG and coal, respectively; EP t is the electricity price; ECEG and ECEC are the energy conversion efficiency of NG and coal, respectively; GP t and CP t are the fuel price of NG and coal; the fuel price of renewables is zero; FIXG, FIXC and FIXR stand for the unit fixed generation cost of NG, coal and renewable; EG and EC are the fixed capacity of NG power plants and coalfired power plants; ER t is a changing restriction of the upper limit because the dynamic meteorological factors will affect the PV radiation and wind speed. In other words, the maximum available capacity of renewable is not the same at different times even in the same day; RAMP gas and RAMP coal are the ramp rate of NG power plants and coalfired power plants when power generation changes in consecutive hours.
The NG price is determined by the supply and demand through the market clearing condition, as shown in Eq. (11).
The power grid purchases electricity from the power sector to pursue its own minimum total cost, which is shown in Eq. (12) and also to meet at least 95% of the consumers' demand.
where ed t is the electricity demand of the power grid at time t; RTD t is the real-time demand of end users. End users can adjust their demand within the range of 5% after the implementation of RTP mechanism. The real-time electricity price is determined by the supply and demand of electricity through the market clearing condition, as shown in Eq. (16).
Scenario design
Three scenarios are proposed and compared to demonstrate the impact of market reform and subsidy on the penetration of NGFE and RE. Table 1 lists the details of the scenarios.
Scenario I: regulated NG and electricity market
Scenario I is designed based on the current situation that both the electricity price and NG price are regulated. It is used as a benchmark scenario to provide the baseline for comparing other scenarios and indicating the impacts of different factors for the promotion of NGFE and RE.
Scenario II: deregulated NG and electricity market
In this scenario, the hourly RTP is applied in both NG and electricity markets. The hourly RTP electricity price is generated in the game between the power sector and the power grid. While the hourly RTP gas price is determined by the intersection of hourly supply-demand balance of NG between the power sector and the NG supplier.
Scenario III: deregulated NG and electricity market with renewable energy subsidy
In this scenario, a deregulated market is also investigated. Meanwhile, the government will subsidize the power sector if they use renewable energy for generation. It is assumed that subsidy for the renewable electricity is 0.17 RMB per kilowatt hour.
Data input
In this dynamic analysis, the hourly electricity consumption of one typical day of 2015 in China was chosen and the demand curve is shown in Fig. 2 . The peak load appears at noon, and the lowest load appears during nighttime. The NG price is assumed as 1.9 RMB//Nm 3 (Gasonline 2017) on the average level, and the electricity price is 0.56 RMB/(kW h) through the weighted average of the data on three kinds of users shown in Table 2 . The average coal price is set as 0.52 RMB/kg (Real-time Coal Trade Price 2017).
The production capacity for the NG supplier is 12,000,000 m 3 per hour. The total installed capacity for NG power generators, coal power generators and renewable energy generators are 64, 986 and 164 GW (128 GW for wind power and 37 GW for PV power), respectively. As for the ramp rate, RAMP coal and RAMP gas are 3% and 90% per hour for CFE and NGFE, respectively. The above data were acquired from the National Bureau of Statistics of China (National Bureau of Statistics of China 2015).
As for the energy conversion efficiency, this was obtained from the data shown in Table 3 . The fixed generation costs for CFE and NGFE are FIXC = 0.1359 RMB/(kW h) and FIXG = 0.1041 RMB/(kW h), which were calculated based on Eqs. (17) and (18) as well as data from the International Energy Agency (IEA 2015) .
where R is the payment rate of capital cost per year; y is the lifetime years of unit; C M refers to the total capital cost of CFE or NGFE during the lifetime years of the unit; CA is the capital cost of the unit per year; C MO is the maintenance and operation cost of CFE or NGFE unit; H is the operational hours of each unit per year. The fixed generation costs for renewables is FIXR = 0.5 RMB/(kW h) with data from the International Energy Agency (IEA 2015) . It is worth noting that this study focused on evaluating the impact of NG price reforms and RE subsidies on the promotion of NGFE and RE, whereas the discrepancies between different renewable resources are not the key points of this study. Therefore, we make a weighted average estimation of the fixed generation cost of the renewable for simplicity of the models. More specifically, the weights are the respective proportions of wind power and PV power in the installed capacity of renewable power. In addition, the shares of renewables in terms of total electricity generation and total installed capacity are relatively small compared to fossil fuels; therefore, most of the current results retain validity when the fixed generation costs from different renewable energy are distinguished.
The parameters utilized in this paper are summarized in Table 4 . Based on the above data, the NGFE and RE generations can be optimized by employing the game theory model. This game theory model is a mixed complementarity problem and the PATH solver in the General Algebraic Modeling System (GAMS) is used. GAMS is specifically designed for modeling linear, nonlinear and mixed integer optimization problems and lets users concentrate on modeling by eliminating the need to think about purely technical machine-specific problems such as address calculations, storage assignments, subroutine linkage and input-output and flow control.
Result
In the present study, the model introduced in Sect. 2 is applied for each scenario based on one typical day's data as shown in Fig. 2 . Each participant pursues their own objective and also has to satisfy the end users' electricity In scenario I, the share of CFE, NGFE and RE is 96.9%, 2.7% and 0.4%, respectively, as shown in Fig. 6 . Both the regulated NG price and renewable energy's backup cost stay at a high level, making coal the preferred source, which is the reflection of the current situation. In addition, the installed capacity of NG and renewable energy are rather small compared with the entire users' demand. Therefore, coal certainly should bear the responsibility of guaranteeing the supply of electricity. However, the coal power plants are limited by the ramp rate, which means that their outputs cannot rise fast enough within a short period. Consequently, when the power load experiences the transition between valley and peak as shown in Fig. 4 corresponding to the period of 8:00-15:00 and 19:00-23:00, NG power plants' advantage of peak shaving emerges and gas becomes the supplementary source of electricity generation. However, RE is not economically competitive and the utilization ratio of renewable electricity is only 10.4% on average. In scenario II, with the deregulation of the market, the gas price is no longer a fixed value, but rather decided by the game between the NG supplier and the power sector. As shown in Fig. 7 , in most of the time, the real-time gas price is much cheaper than that in the regulated market, which is 1.31 RMB/m 3 on average. The low cost will make NG more competitive in power generation. It is worth noting that the real-time NG price at 7:00 am is zero. This phenomenon can be explained by Fig. 4 in which the electricity generated by natural gas is zero at 7:00 am. In other words, the power sector does not need any natural gas at the valley time, and hence, the glut causes the zero NG price. As shown in Fig. 4 , the production of electricity generated by NG improves compared with scenario I, with the share of NGFE increasing from 2.7% to 6.3%, meaning the deregulation of NG price is a key factor for promotion of NGFE. Moreover, a deregulated NG price can further lower the electricity price and electricity expenditure. As shown in Fig. 8 , the high utilization rate of low cost NG makes the electricity price drop to 0.36 RMB/(kW h) on average. As shown in Fig. 9 , the users' electricity expenditure decreases from 10.47 billion to 6.63 billion per day consequently.
In scenario III, the power sector will be subsidized if it uses renewable energy for generation. It is assumed that before subsidies, the fixed generation cost per kilowatt hour is 0.5RMB. After subsidies, the fixed generation cost per kilowatt hour for renewable generation decreases to 0.33 RMB, which is much cheaper than the fixed unit cost of coal and NG generation. The cost priority makes the utilization of renewable energy improve greatly, and the utilization rate of wind and PV increases. As illustrated in Fig. 5 , compared with scenarios I and II, the proportion of RE jumps to 7.1%. When the subsidy is awarded to renewable energy, the production of NGFE is also further increased, as depicted in Fig. 4 . The NG price and electricity price in scenario III are more stable compared with scenario II, leading to a decrease of users' expenditure.
Moreover, in order to estimate the efficiency of renewable subsidy, sensitivity analysis is conducted to analyze the impacts of renewable subsidy on the utilization ratio and share of RE in the power generation. Utilization ratio means the proportion of generated RE sold to the grid over its potential output with consideration of weather factors. As shown in Fig. 10 , when the renewable subsidy increases from 0.17 RMB/(kW h) to 0.18 RMB/(kW h), both of the proportion and utilization ratio of RE jumped from 3.0% to 4.0% and 70.0% to 95.2%, respectively. On the other hand, while the subsidy keeps going up, the power generation mix and renewable utilization ratio is relatively stable, indicating that a renewable subsidy of 0.18 RMB/(kW h) is most efficient.
As shown in Fig. 11 , sensitivity analysis is conducted to study the effect of coal price changes on the share of NGFE and RE in the power generation. The coal price range is set to be from 0.2 RMB/kg to 0.7 RMB/kg, which is based on the current coal price information in different areas of China (Real-time Coal Trade Price 2017). Figure 11 shows that when coal price is below 0.45 RMB/kg, the cost advantage of coal leads to a relatively low level of NGFE and RE share in power generation, which are 2% and nearly 0%, respectively. When coal price is higher than 0.5 RMB/kg, the cost advantage of coal power generation begins to disappear, whereas the ramp-up advantage of natural gas power generation emerges. The share of NGFE in power generation thus increases significantly, accounting for 6.3% of the total power generation. As coal price keeps rising, the share of NGFE in power generation continues to increase slightly. Then, the complementarity of NGFE and RE leads to an increasing RE share in power generation. When coal price is 0.7RMB/kg, the share of RE in power generation can be as high as 1.1%.
Conclusions
The slow penetration of NGFE and RE due to price regulation and ineffective subsidy policies has been a serious hindrance for decarbonizing China's energy consumption structure. In the presented study, the impacts of price reform in NG and electricity markets on the promotion of NGFE and RE were studied using a developed game-theoretic model. Specially, the optimal solutions were obtained under market clearing conditions, which are much stricter constraints compared with our previous work.
Three scenarios were analyzed under different policies including market regulation, market deregulation and environmental subsidies targeted at RE. The obtained results show that: (1) The competitiveness of NGFE can be promoted greatly through price reforms. Through deregulation, the NG price decreases from the fixed 1.9 RMB/ Nm 3 to the average level of 1.31 RMB/Nm 3 , which will increase the share of NGFE from 2.7% to 6.3%; (2) The utilization ratio of renewable energy in power generation can be improved significantly through subsidies targeted at RE. The share of RE and the utilization ratio can reach 7.1% and 70.0%, respectively; (3) The deregulation in NG and electricity markets can enhance the users' welfare greatly, with the power price decreasing from 0.56 RMB/ (kW h) to 0.35 RMB/(kW h) on average, and the total expenditure on power consumption declines correspondingly from 10.47 billion to 6.55 billion RMB per day; (4) A renewable subsidy of 0.18 RMB/(kW h) is found to be most efficient to improve the power generation mix and RE utilization ratio, in which the share and utilization ratio of RE reach at 4.0% and 95.2%, respectively. Our analytical and numerical results imply that a market-oriented NG pricing system and a RE-targeted subsidy to power sectors are of vital importance in promoting the penetration of NGFE and RE.
The present study mainly focused on evaluating the impact of NG price reforms and RE subsidies on the promotion of NGFE and RE; thus, the fixed generation costs from different renewable sources were not distinguished in the model. Future extensions may consider the differences between different renewable energy sources and analyze the effect of RE subsidies for different renewable energy power generations.
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